While the buffer layers increased the electron mobilities, this approach leaves much to
single crystals can exhibit a high electrical conductivity (~10 4 S cm −1 ) and electron mobility (320 cm 2 V −1 s −1 ) 6, 7 with a carrier concentration of 8 × 10 19 cm −3 at room temperature (RT).
Although the bandgap (E g ) of BaSnO 3 is ~3.1 eV, the E g of LBSO is ~3.5 eV due to the Burstein-Moss shift 8, 9 . Since these properties are attractive for designing next generation transparent thin film electronic devices, 1, 4, 5 the electrical transport properties of thin LBSO epitaxial films have been examined many times. However, the electron mobility values in LBSO films are widely scattered from 10 to 183 cm 2 V −1 s −1 , which are much lower than the single crystal values. 6, [10] [11] [12] [13] [14] Many reports attribute the mobility suppression to the charge carrier propagation hindrance at threading dislocations or grain boundaries, which are mainly caused by the lattice mismatch at the film/substrate interface [16] [17] [18] [19] . Therefore, many researchers inserted thick insulating buffer layers between doped BaSnO 3 film and substrate to reduce the threading dislocations. For example, A. Prakash et al. 13 optimized the thickness of buffer and La doped BSO layer and 3 found that the idea the buffer layer thickness was 124 nm; Shin et al. 20 used buffer layer thickness of 150 nm whereas Shiogai et al. 11 used 200 nm. Although these studies observed improved electron mobilities in LBSO films, the buffer layer insertion does not fully compensate the extra deposition step in the film fabrication process since the mobility values are still significantly lower compared to bulk single crystals. This can be an issue for practical device applications because one-step fabrication processes are much more preferred in mass productions. In our previous study 21 , we observed that the electron mobility of epitaxial LBSO films was strongly suppressed for films thinner than 50 nm. The mobilities increased with increasing thickness and eventually saturated at 90−100 cm 2 V −1 s −1 (~200 nm on (001) MgO substrate and ~400 nm on (001) SrTiO 3 substrate). 21 This implies that the initial several hundred nanometers in LBSO films play as buffer layers. Furthermore, we detected 2+
valence states of Sn in the X-ray absorption spectroscopy (XAS) spectrum of an LBSO film, which should not be detected from stoichiometric LBSO and suggest the presence of oxygen vacancies. 15 Since the thickness dependence shows that the buffer region does not contribute much to the electron transport, the buffer region thickness needs to be reduced to achieve high mobility values without inserting buffer layers (Fig. 1) .
In this study, we employ the results from our previous study 21 to design a one-step fabrication process for high-mobility LBSO films without inserting buffer layers. We assumed the main lattice defects in the mobility suppressed buffer region (several hundred nanometers) were oxygen vacancies, which can be reduced by depositing the film under highly oxidative atmosphere ( Fig. 1) . Therefore, we examined the relationship between the oxidation environment during the film growth and the electron transport properties of LBSO films. To reduce the formation of Sn 2+ ions and oxygen vacancies 15 in LBSO films, we injected ozone (O 3 ) during the film growth, which creates a much stronger oxidation environment compared to typically used oxygen gas (O 2 ). 22 The LBSO films. The films were annealed at 1200 °C in air to obtain the atomically smooth surfaces 11, 23 , and the thicknesses of the films varied from 11 nm to 450 nm.
High-resolution X-ray diffraction measurements (XRD, Cu Kα 1 , ATX-G, Rigaku Co.) were performed on the LBSO films to characterize their crystallographic properties in details. The film thicknesses were determined by analyzing Kiessing or Pendell esung fringes while the surface morphologies were observed using atomic force microscopy (AFM, Nanocute, Hitachi High-Tech Sci. Co.). All LBSO films were heteroepitaxially grown on the (001) SrTiO 3 substrates, which were confirmed by the XRD measurements. As shown in the Supplementary Fig. S5 , stepped and terraced surfaces were observed in both O 3 -LBSO and O 2 -LBSO films.
In order to clarify the structural differences in the LBSO films grown under O 3 and O 2 atmospheres in detail, we measured the X-ray reciprocal space mappings (RSMs) of the films as shown in the Supplementary Figs. S1-S4. In both cases, an asymmetric 103 diffraction spot of BaSnO 3 was observed around the 103 diffraction spot of SrTiO 3 . Using these RSMs, we extracted both in-plane (a-) and cross-plane (c-) lattice parameters as shown in Fig. 2(a) .
Due to the large lattice mismatch between LBSO and SrTiO 3 (−5 %), the lattice parameter a was much smaller than the bulk value (0.4116 nm) whereas c was larger than the bulk value at the beginning of the film growth [ Fig .2(a) ]. The a/c increased/decreased with increasing the film thickness and they approached the bulk value (0.4116 nm). It should be noted that the O 3 -LBSO showed larger differences from the bulk at the beginning of the film growth.
We then calculated the average lattice parameter (a In order to further clarify the lattice strains, we observed the microstructure of the films using low angle annular dark-field scanning transmission electron microscopy (LAADF-STEM) as shown in Fig. 3 . While columnar structures were seen in both the O 3 -LBSO [ Fig. 3(a) ] and the O 2 -LBSO films [ Fig. 3(b) ], the density of the columns in the O 2 -LBSO film is higher.
Since the contrast in LAADF image is sensitive to the strain field (i.e. bulk strain), these results suggest that lattice strain was be reduced under ozone atmosphere, which is in good agreement with the RSM results.
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The Hall mobility (μ Hall ), carrier concentration (n), and electrical conductivity (σ) of the LBSO films at RT were measured using the conventional dc four-probe method with van der Pauw electrode configuration. Thermopower (S) was measured at RT from the thermoelectromotive force (ΔV) generated by a temperature difference ΔT of ~4 K across the film, which was created using two Peltier devices. The temperatures at each end of the films were was observed in the 452-nm-thick O 3 -LBSO film. In addition, the thermopower (−S) of the LBSO films decreased with increasing thickness [ Fig. 4(d) ], and the S declination rate of O 3 -LBSO films was much higher than that of O 2 -LBSO films [ Fig. 4(d) ]. Since |S| decreases with n, 24 the observed −S reduction is consistent with the thickness dependence of n [ Fig. 4(a) ].
From these results, we conclude that LBSO films grown under O 3 atmosphere showed improved electron transport properties.
To validate our initial hypothesis on the role of oxygen deficiencies on the formation of Sn 2+ states, 15 we performed X-ray absorption spectroscopy (XAS) around the Sn M 4,5 edge of ~100-nm-thick LBSO films on SrTiO 3 substrate in Pohang accelerator laboratory (2A). We used surface sensitive electron yield mode (the penetration depth of X-ray ~10 nm). The XAS spectra of the LBSO films are shown in Fig. 5 . In both films, four absorption peaks from stoichiometric Sn 4+ ions were observed [ Fig. 5(a) ], which are in good agreements with other studies. [25] [26] [27] Interestingly, just as we intended, Sn 2+ peak at ~488 eV 25, 28, 29 . This result suggests that the existence of the Sn 2+ ion can indeed be related to the mobility suppression of LBSO films. 15 In the stoichiometric composition of BaSnO 3 , the stable valence state of Sn is 4+. If the two extra electrons from an oxygen vacancy form Sn 2+ ion, the Sn 2+ ions may degrade the carrier generation efficiency of La 3+ ions and scatter electrons. Therefore, it is plausible for oxygen deficiencies to reduce the transport properties of electrons in LBSO. In fact, MBE-grown LBSO films with high mobility were fabricated using highly oxidative atmosphere. 12, 13, 14 Thus, in the context of our current study, it can be suspected that low mobility and low carrier concentration in LBSO films observed in other studies are related to the non-oxidative atmosphere. The mobility dependence on the thickness suggets that these defects are concentrated at the film/substrate interface. 21 However, we would like to note that the 
